The middle ear ossicles are only rarely preserved in fossil hominins. Here, we report the discovery of a complete ossicular chain (malleus, incus, and stapes) of Paranthropus robustus as well as additional ear ossicles from Australopithecus africanus. The malleus in both early hominin taxa is clearly human-like in the proportions of the manubrium and corpus, whereas the incus and stapes resemble African and Asian great apes more closely. A deep phylogenetic origin is proposed for the derived malleus morphology, and this may represent one of the earliest human-like features to appear in the fossil record. The anatomical differences found in the early hominin incus and stapes, along with other aspects of the outer, middle, and inner ear, are consistent with the suggestion of different auditory capacities in these early hominin taxa compared with modern humans.
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T he middle ear ossicles have historically played a prominent role in paleontological studies because the appearance of the three bone ossicular chain is considered a defining feature of the emergence of mammals (1, 2) . The evolutionary transformation of the malleus and incus, which once formed part of the lower jaw, represents a profound modification of both the feeding and auditory apparatuses and had important implications for the sensory ecology of early mammals (3), including primates (4). However, surprisingly little is known of the auditory ossicles in our early human ancestors because they are among the rarest hominin fossils recovered (5) (6) (7) (8) (9) (10) (11) . Nevertheless, their study holds great potential as an avenue of inquiry into the evolutionary relationships among fossil taxa, as well as aspects of their sensory perception.
In humans, the embryological origins of each of the three ear bones have been thoroughly studied. These tiny bones are fully formed at birth (12, 13) and, unlike other bones of the skeleton, generally do not remodel after about the first year of life (14) . The ear ossicles then, in some ways, remain "relic" embryonic bones throughout life, and their evolutionarily conservative nature makes them particularly suitable for phylogenetic analysis (15) (16) (17) . Comparative genomic studies have revealed changes during the course of our evolutionary history in several genes related to the development of the auditory structures (18) and hearing (19) , and previous studies of the inner ear in early hominins have provided insights into their taxonomic relationships and locomotion (20) .
A few anatomical differences in the ear ossicles of fossil hominins have been reported previously (6) (7) (8) (9) (10) (11) . Among early hominins, the incus in Paranthropus robustus (SK 848) was argued to show a highly derived articular facet morphology, revealing profound differences from living hominids (7, 21) . In contrast, the stapes of Australopithecus africanus (Stw 151) appears similar to African apes in showing generally small metric dimensions, including the size of the footplate (8) . We report here on a complete right ossicular chain (malleus, incus, and stapes) ( Table 1) that was removed from a P. robustus specimen (SKW 18) recovered from Swartkrans (South Africa) (22) (SI Appendix, SI Text S1). This represents an exceptional case of preservation in the human fossil record because to date only two late Pleistocene Neanderthal specimens are reported to preserve a complete ossicular chain (10, 11) . In addition, a left malleus and partial right stapes were removed from a specimen attributed to Australopithecus africanus (Stw 255) from Sterkfontein (South Africa) (SI Appendix, SI Text S1). These discoveries allow for a direct comparison of the ear ossicles between these two early hominin taxa, and for comparison with previously reported early hominin specimens (Table 1 ).
Malleus
The malleus shows some differences between A. africanus and P. robustus in the morphological details (Fig. 1 ). A. africanus shows an inferiorly inflected manubrium tip and an anterior (gracile) process, for attachment of the anterior ligament on the malleus. In contrast, P. robustus shows a straight manubrium and no anterior process. Both of these features are variable in living humans, but an anterior process is normally present in extant African and Asian great apes (SI Appendix, Fig. S1 ). In addition, a distinct crest is often found on the superior aspect of the neck of the malleus in extant African apes and humans, and the early hominin taxa show different morphologies in this trait. In A. africanus, the crest is restricted to the superior aspect of the neck, as in the majority of chimpanzees and gorillas, whereas P. robustus shows a longer crest that curves around below the articular facet, like the majority of living humans ( Fig. 1 and SI Appendix, Fig. S1 ). Perhaps more relevant phylogenetically, the head of the malleus is generally flattened in the anteroposterior (A-P) direction in extant hominids, and this flattening is also seen in A. africanus. In contrast, P. robustus shows a rounder, more globular head, with the A-P and superioinferior dimensions being approximately equal. Despite some variation, extant hominids generally show an A-P flattened mallear head. In P. robustus, the globular mallear head contributes to a generally inflated appearance of both the malleus and incus (see below) in this taxon, and may represent a derived condition.
Metrically, the malleus in P. robustus is slightly larger than that in A. africanus, but both taxa generally show smaller dimensions than the living great apes (SI Appendix, Table S1 ). The most striking metrical difference seen in the early hominin taxa is the very high (open) angle (150.9°) between the manubrium and the head/corpus in P. robustus, falling above the range of variation in extant hominids. Compared with the other great apes (SI Appendix, Fig. S1 ), the main metrical differences in the human malleus are related to a shortening and thickening of the manubrium and (to maintain articulation of the ossicular chain) a concomitant lengthening of the corpus (SI Appendix, Table S1 ). Indices that combine these measurements generally show little overlap between African and Asian apes, on the one hand, and humans, on the other (SI Appendix, Table S1 , and Fig. 2) . In all of the most diagnostic measurements, mainly related to the corpus and manubrium dimensions, both the early hominin mallei clearly resemble their human counterparts. Discriminant function analysis (DFA) of the malleus variables (SI Appendix, SI Text S2 and Table S2 ) in extant hominids classifies both A. africanus and P. robustus with humans with a posterior probability >0.999 (i.e., >99.9% classification).
Incus
The presence of a notch (related to the attachment of the posterior incudal ligament) along the lower margin of the short process is a variable feature in humans (23) but is generally absent among African and Asian great apes. P. robustus shows some variation in its expression of this anatomical variant, with SK 848 lacking any sign of a notch and SKW 18 showing the presence of a shallow and wide notch (Fig. 3) . The short process of the incus of P. robustus (SK 848) has been described as slender and cylindrical with a markedly concave superior border (7) . The articular facet in SK 848 has been suggested to show a different (highly derived) orientation and morphology relative to that seen in African apes and humans (7) . The discovery of a second P. robustus incus (SKW 18) reveals a degree of variation in these features (Fig. 3) , and, contrary to previous suggestions, the orientation and morphology of the articular facet in both P. robustus incudi can be accommodated within the variation seen in extant hominids (SI Appendix, SI Text S3 and Fig. S2 ). In addition, the body of the incus shows an inflated appearance (unlike humans) in both SK 848 (7) and SKW 18, and this may be related to the rounded, more globular mallear head in this taxon.
Among the P. robustus incudi, SK 848 is slightly larger than SKW 18 in its preserved dimensions (SI Appendix, Table S5 ). The greatest metric distinctions among extant hominids involve an increase in the functional length of the long process and a more open angle between the long and short processes in humans compared with African and Asian great apes. The low value for the incus angle (51.0°) and the short functional length in SKW 18 are closest to the chimpanzee means (SI Appendix, Table S5 ), and a scatterplot of these variables shows P. robustus falling among chimpanzees (Fig. 4) . DFA of the incus variables (SI Appendix, SI Text S2 and Table S3 ) in extant hominids classifies SKW 18 with chimpanzees (posterior probability of >0.999).
Stapes
In contrast to the malleus and incus, stapes morphology is fairly similar across extant hominids (SI Appendix, Fig. S3 ). Metric dimensions in all of the early hominin stapedes, including the size of the footplate, are relatively small compared with living humans (SI Appendix, Table S6 ). The footplate area in SKW 18 Table S6 ). The distinctions between the stapes of modern humans and the other great apes are primarily related to size differences, with modern humans being larger in nearly all dimensions, and the small stapes dimensions in both the early hominin taxa resemble African and Asian apes (Fig. 6) . DFA of the stapes variables (SI Appendix, SI Text S2 and Table S4 ) in extant hominids classifies P. robustus (SKW 18) and one A. africanus individual (Stw 151) with chimpanzees (posterior probabilities of 0.88 and 0.99, respectively), whereas a second A. africanus individual (Stw 255) is classified with gorillas (posterior probability of 0.68).
Discussion
Although the phylogenetic polarity of many of these features needs to be more firmly established, the malleus of A. africanus resembles living hominids somewhat more closely than does that of P. robustus. The inflated mallear head and incus body in P. robustus may represent derived features in this taxon (7), perhaps related to their common embryological origins (12) , and this is consistent with previous suggestions of autapomorphic traits in P. robustus (7, 21, 24) . Nevertheless, despite some differences between the ossicles attributed to A. africanus and P. robustus, their most remarkable feature is the strong degree of similarity in most of their morphological details and metric dimensions.
Although some ossicular dimensions are correlated with body size across mammals (25) , within the extant hominids there are clear shape differences that distinguish the malleus and incus in humans from those of African and Asian great apes, regardless of variation in body size (SI Appendix, Tables S1 and S5). Both early hominin taxa are characterized by human-like proportions in the malleus manubrium and corpus (Fig. 2) despite a body size that is similar to chimpanzees (26) . In contrast, P. robustus maintained the short functional length and low angle between the long and short processes seen in the incudi of the African and Asian great apes (Fig. 4) , and these likely represent primitive features. The stapes appears to be evolutionarily the most conservative bone among the auditory ossicles, perhaps reflecting its phylogenetically older status (1), and the anatomical variation in the stapes among extant hominids does seem to mainly reflect size (rather than shape) differences. Nevertheless, the variation in stapes dimensions is not clearly related to body size differences across extant hominid taxa, because most stapes dimensions in African and Asian great apes are similar (SI Appendix, Table S6 ) despite a considerable range in body size. The small Fig. 4 . Scatterplot of the incus functional length vs. the angle between the short and long processes. P. robustus clearly shows a short functional length and a relatively closed angle, falling within the chimpanzee range of variation. 6 . Scatterplot of stapes total height vs. footplate area. The metric variation among extant hominids seems to be largely size related, and the small dimensions in both the early hominin taxa resemble African and Asian great apes. Fig. 7 . Scatterplot of malleus vs. incus functional lengths (i.e., lever ratio). Note the position of P. robustus, which combines a human-like malleus and an ape-like incus.
metric dimensions in the early hominin stapes resemble the African and Asian great apes most closely.
The human-like malleus in both A. africanus and P. robustus represents a shared, derived characteristic (synapomorphy), most likely inherited from their last common ancestor. Discovery of additional fossil ear ossicles from even earlier hominin taxa would make it possible to identify more precisely when this human-like malleus first appeared in the hominin evolutionary lineage. Although the precise reasons behind these changes in malleus proportions are currently unclear, the functional length of the malleus (manubrium length) shows a strong correlation with the area of the tympanic membrane across haplorhines, including humans (27, 28) . The tight developmental and functional relationship with the tympanic membrane (28) (29) (30) suggests the shortened manubrium in modern humans may be related with the smaller dimensions of the tympanic membrane compared with the African and Asian great apes (28, 31, 32) .
The functional lengths of the malleus and incus (and the associated lever ratio) and the stapes footplate area are important physiological variables in modeling audition (31, (33) (34) (35) (36) . Individually, each of these dimensions is strongly correlated with several measures of auditory sensitivity in primates (35) . The unique combination of a human-like malleus and ape-like incus (Fig. 7) yields a lever ratio in P. robustus (1.36) that falls between the mean values for humans (1.23) and African and Asian great apes (1.52-1.71) ( Table 2 ). More importantly, a short incus functional length (as in P. robustus) is consistent with the presence of a decrease in auditory sensitivity (a "notch" in the audiogram) in the midrange frequencies across primates (35) . Such a notch characterizes the audiograms of the vast majority of haplorhine taxa tested to date, including chimpanzees, but is generally not found in humans (36, 37) . This is one of the most salient distinctions in the hearing pattern of humans compared with other primates. Although the relationship between individual auditory structures and hearing performance is complex (28, (33) (34) (35) 38) , the suggestion of an auditory difference in early hominins based on the ear ossicles is further supported by additional anatomical differences noted previously in their outer, middle, and inner ear (8, 21, 28, 39) , some of which have clear auditory implications (40) . These anatomical differences in the early hominin ear highlight the possibility of reconstructing their auditory capacities, as has been done for archaic members of the genus Homo (33, 36) , an approach that promises to reveal new insights into the sensory ecology of early hominins.
Methods
Samples of auditory ossicles representing the extant hominids (SI Appendix, Table S7 ) were studied to provide a firm comparative context within which to interpret the anatomical details and metric dimensions of the early hominin ossicles. The comparative analysis includes the largest samples of ear ossicles reported to date for the African apes and orangutans, as well as a sample of contemporary Homo sapiens. All measurements were collected on scaled, digital photographs of the individual bones, once these were removed from the tympanic cavity, according to previously defined techniques (6, 28, 41, 42) . Several methodological issues related to standardization of measurement definitions for both the malleus and incus have recently been clarified (6) , and these measurement protocols are used in the present study. The measurement definitions for the malleus and incus are provided in ref. 6 , whereas that for the stapes are provided in SI Appendix, Table S8 and Fig. S4 . Regarding the stapes, Masali (41) established three reference axes (X, Y, and Z) corresponding to the anterior and posterior crura and the footplate, respectively. Three angles between the crura and footplate (α, β, and γ) were also defined. The angle α is formed by the X and Y axes (anterior and posterior crura). The angle β is formed by the X and Z axes (anterior crus and footplate). The angle γ is formed by the Y and Z axes (posterior crus and footplate). These reference axes and angles (defined as angles A, B, and C in SI Appendix, Table S8 ) have been used in the present study. 
